Background and Aims: A hybrid grapevine biparental mapping population was evaluated for resistance to grape phylloxera (Daktulosphaira vitifoliae Fitch) in the greenhouse and in the field. The family (n = 125) was derived from a cross of two University of Minnesota breeding selections from a complex pedigree with multiple Vitis species. Methods and Results: The vines were evaluated for foliar phylloxera severity using visual rating in the field for multiple years. In the greenhouse, a replicated experimental design was used to quantify phylloxera severity using different traits including number of galls per plant, area under the disease progress curve, proportion of leaves with galls, average number of galls per leaf and visual rating. The plants used in the greenhouse experiment were also visually rated for root infestation. Conclusions: Quantitative trait loci (QTL) mapping for the foliar resistance traits (reduced severity) routinely identified the region spanning~10 to 30 cM on linkage group (LG) 14 to be associated with resistance, and inherited from the mother parent MN1264. The plants used in the greenhouse experiment were also visually rated for root infestation, and subsequent QTL mapping identified regions on LG 5 of the maternal map and LG 10 of the paternal map (MN1246) associated with root resistance. Significance of the Study: The new QTLs identified in this report are potential novel sources of resistance and the first report of QTL for foliar phylloxera resistance in a hybrid grapegrowing region of North America. Molecular markers linked to resistance can be utilised in marker-assisted breeding.
Introduction
Grapevine phylloxera has been a major pest for commercial grapegrowers since the introduction of the insect from North America to Europe in the middle of the 19th century where it decimated Vitis vinifera vines. Daktulosphaira vitifoliae (Fitch) is an obligate parasite on Vitis spp. and has been transported on vines to important grape production regions worldwide. This pest co-evolved with North American Vitis spp. and its genetic resistance has been identified in several of these species (Granett et al. 2001) . Resistant cultivars and hybrid rootstocks were used extensively to revitalise the industry and continue to play a major role in controlling phylloxera where V. vinifera is grown.
Phylloxera is an aphid-like insect that can infest both grapevine leaves and roots. The insect feeds by inserting a needle-like stylet into either leaf or root tissues, depending on the life stage, host and genotype. The insects probe the plant tissues repeatedly, foraging for the optimal position for feeding (Blank et al. 2009 ). In the susceptible North American species, feeding is generally limited to non-lignified (young) roots and leaves. In V. vinifera, feeding is generally restricted to new roots as well as lignified root tissues subjecting the host to secondary infections and resulting in vine decline or death. Although galls rarely form on vinifera leaves, some evidence of galling on vinifera leaves was found in the major European grapegrowing regions, such as France and Italy (Granett et al. 2001) and Hungary Kocsis 2000, Gyorffyne Molnar et al. 2009 ), and in Uruguay (Vidart et al. 2013) .
The whole-plant effects of a foliar infestation have not been well characterised, although the primary damage appears to occur from a reduction in overall photosynthetic capacity (McLeod 1990) . The presence of gall forming phylloxera has been correlated with decreased cane length, a benchmark of vine productivity (Granett and Kocsis 2000) . Heavy infestations can lead to leaf drop and mortality (Stevenson 1966) . In the French hybrid Seyval, the bunch mass and the number of berries per bunch were reduced with infestation (McLeod and Williams 1989) .
Phylloxera degrade the leaf cuticle and create a depression where the feeding site is established. Phylloxera feed from plant cells directly, unlike aphids that feed by inserting their stylet into the phloem (Witiak 2006) . Feeding on leaves results in the formation of pocket-like galls (Forneck and Huber 2009 ) where nymphs and adults feed. Adults reproduce parthenogenetically (Lund et al. 2017) , and the young insects migrate locally to create new infection sites. In susceptible plants, gall formation can occur on leaves (typically the blade, but also petioles), tendrils and shoots. The gall tissues in susceptible grape genotypes will fully encapsulate and protect the insect(s) when the infestation occurs on young leaf tissue. The parasite is able to induce other changes to the host, such as the formation of stomata on the adaxial leaf surface (Nabity et al. 2013) , which may augment the production and transport of photosynthates locally to the gall. Gall formation, phylloxera survival and fecundity may be influenced by environmental conditions, including leaf age, stress (Davidson and Nougaret 1921) , water stress (Kimberling and Price 1996) , phenology (Granett and Kocsis 2000) and plant vigour (Kimberling et al. 1990) .
Some researchers propose that gall development is an organogenesis akin to carpel development (fruit development) around an embryo or seed tissue and share evolutionary and genetic pathways (Witiak 2006) . Conserved genes that specify carpel or ovule tissues lead to cells with a floral meristem fate that presents as a gall formation on the leaf tissue induced by the parasite. Felt (1936) , in early research of gall forming insects, observed that the insect appears to act as the 'seed' and the surrounding tissues develop like 'carpels'. Interestingly, evidence of powdery mildew (Erysiphe necator) and downy mildew (Plasmopara viticola) on galls have the similar visual appearance to that on pre-veraison berries (Dr Matthew D. Clark, pers. observation, 2016 ).
Resistance to phylloxera leaf feeding appears to be both qualitative and quantitative. The University of Minnesota breeding program has identified breeding lines of different interspecific backgrounds that demonstrate various levels of resistances in leaves. The resistant phenotypes include a reduced number of galls/leaf, incomplete gall formation and a hypersensitive response (HR) (Powell 2008) . The HR was noted in leaves of some resistant cultivars in earlier reports (Börner and Schilder 1934 , Anders 1957 , Raman et al. 2009 ). Schmid et al. (2003) identified genetic resistance in both leaves and roots contributed by V. cinerea, although the susceptible parent in the cross also influenced segregation for the trait.
Research in genetic resistance to phylloxera has been generally limited to the interaction between D. vitifoliae and root tissues. This is due to the high level of susceptibility in V. vinifera roots and the historic and recurring need for identifying and breeding resistant rootstocks. A complementary two dominant gene model was proposed by Ramming (2010) . Resistance has been defined in several ways: reduced nodosity/tuberosity development and the HR. The HR has been observed at probe sites (natural or with artificial induction with auxin) in a resistant cultivar, but physiological changes occur in the susceptible cultivar Riesling (El-Nady and Schröder 2003) . Hypersensitive response genes are also differentially regulated in the resistant cultivar, although not fully understood due to the complex signalling within the plant (Blank et al. 2009 ).
Multispecies, hybrid grape breeding offers the advantage of combining disease and pest resistances, fruit composition and abiotic stress tolerance, and has resulted in the development of new and emerging wine industries throughout the USA. The aerial form of phylloxera, which infests the foliage of susceptible vines, is prevalent in the predominantly grown cultivar Frontenac (Nabity et al. 2013) . The genetic resistance to the foliar phase of phylloxera has not been previously well studied, although the evidence of resistance in breeding families and accessions at the University of Minnesota (UMN) has been observed (Dr Matthew D. Clark, pers. observation, 2016) .
Quantitative trait loci (QTL) mapping may help identify genes underlying resistance leading to an understanding of their function in resistance, and to improved management practices for this and other insect pests. Markers linked to the trait can be used in the selection of parents or in screening seedlings for resistant offspring. The deployment of resistant cultivars could reduce the need for the grower to use insecticides (Sleezer et al. 2010) leading to improved economic and environmental sustainability.
The current research uses a single biparental mapping family to evaluate field-based foliar resistance with endemic phylloxera populations and greenhouse resistance using artificial infestation to identify QTL linked to foliar and rootphase phylloxera resistance. Several resistance traits were evaluated and genetically mapped in this family to identify efficient phenotyping methodologies. A next-generation sequencing approach used for genotyping has previously been used to map other disease resistance (Barba et al. 2014 , Teh et al. 2017 ) and fruit composition traits (Yang et al. 2016) in grapevine.
Materials and methods

Plant material
A biparental F 1 family known as GE1025, a cross of two breeding selections MN1264 × MN1246 (n = 125), was used in this study (Figure 1 ). The pedigree for this cross contains at least six Vitis species in the ancestry, including V. vinifera, V. riparia, V. rupestris, V. labrusca, V. aestivalis and V. berlandieri. This family was chosen for the USDA-funded VitisGen project because it contains many key ancestors contributing to winter hardiness, fruit composition traits and disease resistance (Teh et al. 2017) to the UMN winegrape breeding program. Clark et al. Foliar phylloxera resistance93 38 0 17.3 00 W) as top wire, high-cordon trained vines as is common practice in Minnesota. The vines were spaced 60 cm between plants within the row. Throughout the experiment, the vineyard was not treated with any insecticide or fungicide. Over the 5 years of the study, phylloxera infestation was evaluated in the field planting. The severity of phylloxera infestation was evaluated in July or August of each growing season. A 7-point visual rating scale was used to assess the whole-plant foliage (1 = no galls to 7 = high levels of infestation with severely deformed leaves).
Field evaluations for foliar severity
Greenhouse phylloxera population
The insects for the experiment were collected from~10 galls on plants of the GE1025 family in the vineyard and reared in cages on the highly susceptible Vitis hybrid Frontenac in the greenhouse on 23 May 2016. Galls taken from Frontenac were assessed at each infestation time point (Table 1) to determine if there was a difference in the number of eggs or crawlers among the different gall sizes. The galls were characterised as extra small (~1 to 1.5 mm diameter), small (1.5-3.5 mm), medium (3.5-4.5 mm) and large (> 4.5 mm). The number of eggs and the number of crawlers for 24 galls were determined for each replication of the experiment. The effects attributed to replication, gall size and interactions were determined by ANOVA.
Greenhouse evaluations for foliar severity
In January 2016, three-node, dormant, hardwood cuttings from the seedling plants in the field were rooted for use in a replicated greenhouse trial. The three most established rooted cuttings for each accession were retained for the experiment. The greenhouse experiment consisted of a randomised design with three replications of each accession initiated at intervals of 1 week starting 11 July 2016 to allow for efficient inoculation of vines and assessment of the phylloxera severity traits. The vines were randomly assigned to physical positions within each replication. Vines were grown in 10 cm × 10 cm × 15.25 cm liners in a commercial potting media (Grower Select M1, BFG Supply, Burton, OH, USA). Vines were spaced on 14 cm centres so that no two pots were touching. Vines were of similar size, with most having at least eight fully expanded leaves and trained using 91 cm bamboo stakes. Evaluations were conducted at the Minnesota Agricultural Experiment Station Plant Growth Facility in Saint Paul, MN with an average greenhouse temperature of 24.8 C and a maximum temperature of 35.1 C. Greenhouse lighting was set to a day length of 16 h.
To initiate the infestation on each plant, an individual gall was removed from the Frontenac source plant and clipped onto the fourth fully expanded leaf from the shoot apex using double prong, 45 mm alligator hair clips. The fourth leaf was chosen to represent a mature host leaf and was large enough to support the inoculation method. Our goal was to reduce variability in the distance that the phylloxera crawlers needed to travel to reach the shoot apex by inoculating the same leaf on each plant, even though we anticipated that the internode length varied among the accessions. This inoculation method was repeated 7 days later for plants in Rep 2, and 14 days later for plants in Rep 3. The vines were assessed every 7 days after inoculation (DAI) for 4 weeks ( Table 1 ). The following information was collected for each replication for 7, 14 and 21 DAI: the number of leaves per plant, number of leaves with galls per plant and total number of galls per plant. At 28 DAI, a 7-point visual rating scale was used for a whole plant assessment (Table 2, Figure 2 ), which roughly estimates the proportion of a leaf covered with galls.
Greenhouse evaluations for root-phase severity
After the greenhouse leaf evaluation, the plants were maintained in the greenhouse until 28 September 2016. The vines were moved outdoors to initiate wood ripening, leaf senescence and dormancy. On 9 November 2016, the population was evaluated for root infestation. Plants were removed from their pots and washed in water to remove potting media. The vines were arranged from low infestation to high infestation, and a 7-point rating was used to assign severity (Figure 3 ).
Data analysis
Phylloxera severity data and inoculum data at infestation (number of crawlers and eggs) were analysed using R (R Core Team 2012). The distribution of the traits was visually inspected for normality by plotting the phenotypic distribution in R and by calculating the Shapiro-Wilk test of normality and its associated P-value (Royston 1995). The normality of trait distribution was used to determine which QTL mapping algorithm was used. Additionally, a log 10 transformation was used to normalise the exponential insect population growth rate observed for the number of galls per plant over 3 weeks. The area under the disease progress curve (AUDPC) was calculated from log 10 gall count values across three time points (7, 14 and 21 DAI) within each 3 0 -39% leaf covered with galls 5 3 9 -49% leaf covered with galls 6 5 0 -59% leaf covered with galls 7 60% or more of the leaf covered with galls
See Figure 2 for representative images.
replication separately and averaged across replications. Field (foliar rating for each year) and greenhouse data were QTL mapped; greenhouse data included foliar rating, number of galls per plant, log 10 gall count, AUDPC, average number of galls per leaf (gall count/total number of leaves per plant), proportion of leaves with galls per plant and root rating (averaged across replications). Spearman correlations among the phylloxera infestation traits were calculated in R. The variance associated with the experimental design using three replications in time was partitioned with ANOVA. Estimates of broad-sense heritability on a line basis were calculated for each of the traits using Equation (1):
where V G is the genetic variance, V e is the error variance and r is the number of replications.
DNA extraction, genotyping and mapping
Methods from tissue sampling through single nucleotide polymorphism (SNP) assignment were described previously (Hyma et al. 2015 , Teh et al. 2017 LGs (two unconnected LG 15 and absent LG 17)] and a combined map with all linkage groups were evaluated for each trait. The QTL analyses were conducted in the R/qtl software (Broman et al. 2003 ) using the expectation-maximisation (EM) algorithm for phenotypes with a normal distribution, and the Haley-Knott (HK) regression for phenotypes not normally distributed (Feenstra et al. 2006 , Fernandes et al. 2007 ). The minimum logarithm of odds (LOD) score for a positive detection of a QTL was determined by the genome-wide LOD significance threshold (α = 0.05) calculated using 1000 permutations. The 1.5-LOD interval was used to position the QTL in addition to identifying the QTL peak.
Results
Several foliar phylloxera infestation severity traits were evaluated in the greenhouse in the GE1025 mapping population to identify the optimal phenotyping method. The ANOVA indicated significant effects of replication for all traits, and therefore, QTLs were mapped separately for each trait in each replication (Table S1 ) in addition to the average value across replications for each trait. Phenotypic distribution and estimates of normality using Shapiro-Wilk test of normality and its associated P-values are presented in Figure S1 . A log 10 transformation of the gall count showed improved normality than the gall count ( Figure S1 ). Despite having 4 years of field ratings, data in 2013 and 2015 were not shown due to limited phylloxera development, whereas data in 2016 recorded overwhelming disease severity, resulting in no detectable variation for the trait.
Relationship between number of eggs and gall sizes
There was a significant replication effect for the traits associated with the reared phylloxera population on the susceptible cultivar Frontenac. Figure 4 shows each of the gall sizes and each replication that were sampled for either crawlers or eggs. The ANOVA showed that there was an effect of gall size for the number of crawlers, with the larger galls having more eggs (P < 0.001) and more crawlers (P < 0.05). Replication effects were also significant for the number of eggs (P < 0.05) and crawlers (P < 0.001), with the highest number of both in Rep 1. The replication × gall size interaction was not significant for the eggs or crawlers.
Heritability and correlation among phenotypes
Estimates of broad-sense heritability on a line basis were calculated for each of the traits. The heritabilities in the greenhouse were obtained for log 10 number of galls (H 2 = 0.71), visual rating (H 2 = 0.65), number of leaves with galls (H 2 = 0.56), proportion of leaves with galls (H 2 = 0.51) and lowest for number of galls per leaf (H 2 = 0.22; Table 3 ). The heritability for the greenhouse root rating was H 2 = 0.90 (Table 3) .
Positive correlations were observed among all foliar traits (Tables 4, S2 ). Strong relationships, however, were not observed between the average root and average foliar phylloxera severity traits with an r value ranging from −0.07 to 0.07 (Table 4 ). The 2012 field ratings were positively correlated with several of the greenhouse ratings including average AUDPC (r = 0.51), log 10 number of galls (r = 0.53), visual rating (r = 0.53) and proportion of leaves with galls (r = 0.51) ( Table 4 ). The correlation among the 2014 field ratings and the other greenhouse traits exhibited lower r values ranging from 0.28 to 0.39 (Table 4) . Greenhouse traits were highly correlated with one another including: visual rating average and log 10 galls average (r = 0.90); galls per leaf average and number of galls per plant (r = 0.94); and the number of leaves with galls and the proportion of leaves with galls (r = 0.85) ( Table 4 ). The root ratings were not strongly correlated across replications with the r value ranging from 0.11 to 0.25. There was a strong positive correlation, however, between root rating of each of the replications and the average value for all replications (r > 0.60, Table S2 ).
QTL analyses
Ninety different QTL models were analysed for foliar phylloxera severity in the GE1025 family, including field and greenhouse experiments. Significant evidence for the major QTL for foliar phylloxera resistance (a function of infestation severity) was consistently identified on the proximal end of LG 14 and was inherited from the parent MN1264 ( Tables 5, S1 ). Quantitative trait loci for resistance to the root phase of phylloxera were identified on LG 5 from the MN1264 parent and LG 10 in the MN1246 parent (Table 5 ). The QTL results for each phenotype are outlined below including the LOD score and proportion variation explained (PVE) by the QTL.
Field foliar rating. The insect pressure varied between years in the field. Analysis of the field data in 2012 showed a major QTL on LG 14 at 16.3 cM (LOD = 11.37; PVE = 36.2%) in the MN1264 map and at 27.0 cM (LOD = 10.65; PVE = 35.3%) in the combined map ( Figure 5 ). No QTLs were identified for field severity in the MN1246 map. Similarly, for the field ratings in 2014, a major QTL was detected on LG 14 at 21.0 cM (LOD = 5.64; PVE = 14.7%) and at 30.5 cM (LOD = 5.24; PVE = 19.8%) in the MN1264 and combined maps, respectively. A second QTL was identified in the MN1264 map on LG 4 (31 cM; α = 0.10; LOD = 4.32; PVE = 11.1%), but was less significant. The QTL on LG 4 was repeated only in one other analysis for the number of galls per leaf (Rep 2, combined map, 30 cM, α = 0.10; LOD = 3.23; PVE = 2.5%).
Greenhouse foliar rating. The 1-7 rating scale was used 4 weeks after infestation for each replication to quantify the phylloxera infestation. Major QTLs were identified for all replications and for an average rating in the MN1264 background. The average rating across the three replications produced a QTL with the greatest PVE. In the MN1264 map, the QTL was positioned to 16.0 cM (LOD = 22.76; PVE = 60.5%) and in the combined map the QTL was at 23.0 cM (LOD = 22.47; PVE = 57.3%).
Gall number per plant: log 10 transformed gall number. With the significant effect of replication, QTL analysis of the greenhouse experiment was conducted for each replication and using means across replications. The number of galls per plant [and transformed (log 10 )] was evaluated at 3 weeks after infestation. Before data transformation, QTLs were identified on LG 14 in the MN1264 map and in the combined map for Rep 2 and Rep 3 (Table 5) . After transformation, QTLs were identified in all replications. In addition to the repeated QTL on LG 14, an additional QTL for Rep 1 was identified on LG 37 in the combined map (equivalent to LG18 in the MN1246 map) at 102.8 cM (LOD = 3.12; PVE = 12.5%). This QTL was identified only in one other instance, for Rep 1 for the number of leaves with galls (102.8 cM, LOD = 3.93; PVE = 7.9%).
AUDPC. All AUDPC models positioned QTL to LG 14 in both the MN1264 and the combined maps. In the MN1264 map, the QTL peaks were between 14.0 and 31.2 cM and Table 4 . Spearman correlations between mean values across reps for the greenhouse study for ten traits used to assess foliar and root phylloxera infestation in the GE1025 family. The phenotype for the severity trait, the R/qtl model (EM or HK), the 1.5-LOD positions (chromosome and position in centimorgan), peak, LOD score (α = 0.05) and PVE are shown. AUDPC calculated over three time points (weekly) from the log 10 number of gall values. †α = 0.10. AUDPC, area under the disease progress curve; Chr, chromosome; LOD, logarithm of odds; Pos, position in centimorgan; PVE, percent variation explained by the QTL; -, not detected.
explained 17-40.5% of the variance, depending on the model. In the combined map, QTLs were identified in similar positions. For AUDPC averaged across replications, the QTL peak was detected at 19.5 cM (LOD = 12.55; PVE = 36.7%).
Galls per leaf. For Rep 2, a QTL was identified on LG 14 with a peak at 14 cM, but with a lower significance (LOD = 6.90; α = 0.10). In the combined map, a less significant QTL on LG 4 (30 cM; α = 0.10) was also identified in Rep 2 in addition to the QTL on LG 14 at 11.0 cM. For Rep 3, the only QTL was identified in the combined map, at 25 cM (LOD = 5.62; PVE = 23.3%). For the average across replications, a single QTL was identified on LG 14 at 27 cM.
Leaves with galls (count and proportion).
Quantitative trait loci mapping using the proportion of leaves with galls per accession produced QTL on LG 14 (Table 5 ). The EM QTL mapping method was used because the data were normally distributed for all three replications. In the MN1264 map, the QTL peaks were positioned from 0.0 to 21.0 cM. In Rep 3, a second peak was identified at~16 cM, which is likely the same QTL as it has a similar PVE value (~28%). Similarly, the count of the number of leaves with galls also produced QTLs on the same linkage group. The results were consistent across maps for the general position for these QTLs. In Rep 1, QTLs were identified on LG 14 in the MN1264 map and on LG 18 (also known as LG 37) in the MN1264 map. No QTLs were identified for Rep 2. Only the QTL on LG 14 was identified in Rep 3, which was located to 23 cM with a PVE of~30% in the MN1264 and combined maps.
Greenhouse root rating. Evaluation of the root phenotype (1-7 scale) also produced significant QTL (Table 5) . A QTL was identified in Rep 1 and Rep 2 (MN1264 map) and average rating (combined map) on LG 5 at 57-74 cM. In Rep 3, a QTL was identified on LG 10 from the MN1246 parent in both the MN1246 map (66.8 cM; LOD = 3.67; PVE = 15.4%) and the combined maps (66.8 cM; LOD = 3.64; PVE = 14.2%). When the replications were averaged, the only significant QTL detected was in the combined map on LG 5 (66.8 cM; LOD = 3.64; PVE = 14.2%).
Discussion
We report the first high-resolution genetic mapping of foliar phylloxera resistance in both field and greenhouse environments in a cold-hardy hybrid grape family. Given the economic importance of phylloxera resistance in grape breeding, this study evaluated multiple phylloxera-related traits to determine correlations among traits, and to assess efficiencies in phenotyping for future seedling and clonal evaluations. In the greenhouse, counting galls weekly was labour intensive and became impractical after 3 weeks of infestation. This was due to the large number of galls per plant and the number of individuals in the population (and across replications). In highly susceptible accessions (visual rating > 5), gall counting of deformed leaves was timeconsuming (~4 min/plant) and was prone to error due to gall coalescence. The 1-7 rating scale, although less precise, identified the same QTL region and exhibited a strong correlation with more laborious measurements. Furthermore, the scale was time-efficient and accounted for the greatest proportion of variation in the greenhouse experiment. Visual ratings for foliar resistance (severity of leaf infestation) provided consistent and repeatable results across replications and environments, while being least labour intensive. The greenhouse rating also yielded the highest PVE of any of the traits and the same QTL window as the log 10 count of the number of galls per plant, which was the most labour-intensive phenotyping method (Table 5 ). Due to the variance associated with the replication effect, heritability is likely underestimated. In addition to the repeatable major QTLs from MN1264, a QTL was detected on LG 18 (102 cM) for two traits: log 10 transformation of gall counts or the number of leaves with galls, in the MN1246 genetic background (Table S2 ). The low significance QTL on LG 4 for galls per leaf identified in the combined map was not identified in any other analysis. These QTLs may have been identified only because of the more labour-intense screening, and will need to be further evaluated and validated. In the field, visual rating of whole plants is the most practical phenotyping method due to the large size of mature vines. ), average greenhouse rating 3 weeks after inoculation ( ), and area under the disease progress curve (AUDPC) based on log 10 transformed gall counts over three time points ( ).
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